ABSTRACT In order to improve the control performance of the transport vehicle, the dynamic model, instead of the kinematic model, is established. The equation of state can be divided into two independent subsystems: the speed sub system and the attitude angle sub system. The sliding mode controls based on the dynamic model are designed for the two subsystems to reduce the complexity of the overall system, and the armature voltages of the motors are used as the control inputs of the system of the transport vehicle. The disturbances, for instance the fluctuations in the power supply, are considered, so the control law has robustness to the external disturbances. Simulation results show that the control method can control the transport vehicle to move according to the desired signals, and the validity of the method can be proved. INDEX TERMS Dynamic model, sliding mode control, transport vehicle.
I. INTRODUCTION
At present, the application of robots has been rapidly expanded from the early fixed robotic arm in the industrial production line to the complex autonomous mobile robots. Mobile robots have been widely used in many fields [1] - [3] , such as rescue, life service and commercial application. As a typical nonlinear nonholonomic system with the time varying and strong coupling [4] , [5] , the mobile robot involves many complex control problems. Therefore, it has been one of the research hot spots to control the mobile robot effectively [6] , [7] . The transport vehicle which is an under-actuated system is also a classical type of mobile robot. There are some uncertain disturbances which would cause bad effects on control performance in the system. Though PID control can meet the control requirements in the common condition [8] , [9] , many advanced control methods [10] - [13] are explored and used to control the transport vehicle to improve the control performance of the system. Among them, sliding mode control is one of effective methods, which has strong robustness to the external disturbance and the parametric variation [14] - [17] . Sliding mode control has extensive application in the field of scientific research, such as in power system, new fuel, communication and image processing [18] - [21] , and it is more often used to resolve the control problem of the under-actuated system [22] - [24] . Therefore, the sliding mode control is chosen to control the attitude angle and speed of the transport vehicle in this paper.
Generally, the attitude control of the transport vehicle can be designed based on either the dynamics model or the kinematics model [24] , [25] . However, the controller designed based on the kinematics model can be only used when the transport vehicle works under constraint the condition of the lower speed, the lower acceleration and the lower load [26] , [27] . Otherwise, the control performance would degrade obviously [28] .
For this, a novel sliding mode control strategy is proposed to control the transport vehicle. The speed sub system and the attitude angle sub system are decoupled to simplify the system. Some disturbances, for instance the uncertain fluctuations in the power supply, are considered, and the sliding mode control based on the dynamic model is used to improve the robustness the system. The attitude angle and speed of the transport vehicle is controlled by directly using the voltages of the drive motors as control inputs. The control strategy has the good robustness and feasibility.
II. THE SIMPLIFIED MODEL OF THE TRANSPORT VEHICLE
The simplified geometry model of the transport vehicle is shown in Figure 1 . The vehicle is composed of two driving wheels, one front universal wheel and the car body. The two driving wheels are respectively driven by two DC motors. The swerve of the car body is controlled by the differential control of the two driving wheels. The radius of the car wheel is r, the wheelbase of the two wheels is l, the mass of the wheel is m, and the mass of the car body is M P .
In Fig. 1 , the coordinate system XOY is established. The center of mass of the transport vehicle is set as the point p, the attitude angle between the car body and the horizontal axis is set as θ p , and the velocity of the transport vehicle is set as V p . When the motion control of the transport vehicle is studied, the transport vehicle can be simplified as the mass point p, and the state of the transport vehicle can be described
The significance of establishing the dynamic model of the transport vehicle is that the relationship between the motor voltage and the speed and angle of the vehicle can be directly established. Compared with the common control methods based on the kinematic model, the control method based on the dynamic model can reduce some uncertain intermediate links, and the control performance can be improved.
A. FORCE ANALYSIS OF THE WHEEL
Force analysis of the wheel is shown in Fig. 2 . The coordinate system with the origin at the center of the wheel is set up. The left wheel is taken as an example to study the force analysis. The forces on the left wheel contain the gravity m L g, the support force from the ground F fL , the pressure from the car body F pL , and the driving torque τ L of the left wheel.
The Newton-Euler equation of the left wheel can be established as follows:
where, J yL indicates the rotational inertia of the left wheel around the Y axis. Force analysis of the right wheel is the same as the left wheel as: (8) where, the forces on the right wheel contain the gravity m R g, the support force from the ground F fR , the pressure from the car body F pR , and the driving torque τ R of the right wheel. 
B. FORCE ANALYSIS OF THE VEHICLE BODY
Force analysis of the car body is shown in Fig. 3 . The coordinate system with the origin at the center of mass is set up. The directions of the coordinate systems of the car body and the wheel are same. The forces on the car body contain the gravity M p g and the two support forces from the wheels F L and F R . The Newton-Euler equation of the car body is established as follows:
where, J zL indicates the rotational inertia of the left wheel around the Z axis. The forces between the vehicle body and the wheel are action and reaction, that is,
The speed and the attitude angle of the vehicle body can be described as:
where, l is the wheelbase of the two wheels. The friction between the wheel and the ground is a sliding friction, so the accelerations of the two wheels center can be described as:
where, a L and a R represent the acceleration of the center of mass of the left wheel and right wheel, respectively.
C. DYNAMICS ANALYSIS OF THE MOTOR
The wheels of the transport vehicle are driven by two DC motors. The dynamic characteristics of the left motor can be described as:
where, τ L is the driving torque of the left motor, i L is the armature current of the left motor, k TL is the torque constant of the left motor, L aL is the inductance of the left armature circuit, R aL is the resistance of the left armature circuit, k eL is the back electromotive force constant of the left motor, ω L is the angular velocity of the left motor which is equal to the velocity of the left wheel, and u L is the input voltage of the left motor. According to Eq. (18) and Eq. (19), the dynamic model of the left motor with the voltage as input can be described as:
Similarly, the dynamic model of the right motor can be described as:
III. THE ATTITUDE CONTROL OF THE TRANSPORT VEHICLE
In this paper, sliding mode control method, which applies to the under-actuated system and is robustness to both the external disturbance and the parametric variation, is used to control the attitude of the transport vehicle. The control process is composed of the approaching the sliding surface and the converging to the equilibrium point along the sliding surface.
According to the Eq. (20) and Eq. (21), the dynamic equations of the motors can be derived as:
where,
The transport vehicle is bilateral symmetry, that is, J yL = J yR , J zL = J zR , so,
The state equation of the transport vehicle can be described as:
where, u = u L u R T , u L and u R represent the voltages of the left and right wheel motors, respectively. Set
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where, Because there is no coupling between the speed and the attitude angle in Eq. (23), the equation of state can be divided into two independent subsystems: the speed sub system and the attitude angle subsystem which can be respectively controlled by the sliding mode control to reduce the complexity of the overall system.
A. SLIDING MODE CONTROL OF THE SPEED SUB SYSTEM
The state equation of the speed sub system can be described as:
For simplicity, the sliding surface is chosen as:
In Eq. (25), the parameter c should meet the Hurwitz condition which can ensure s 1 to be a stable sliding surface.
Set Lyapunov function as:
Then,
where, u 1 = u L + u R . And the control law can be designed as:
Thus,
Therefore,V ≤ 0 and the equality holds up if and only if s 1 =0. The reachability of the sliding surface can be proved.
B. SLIDING MODE CONTROL OF THE ATTITUDE ANGLE SUB SYSTEM
The state equation of the attitude angle subsystem can be described as:
Similarly, the sliding surface is chosen as:
In Eq. (30), the parameters c 1 and c 2 should also meet the Hurwitz condition which can ensure s 2 to be a stable sliding surface.
where, u 2 = u L -u R . And the control law is designed as:
ThereforeV ≤ 0, and the equality holds up if and only if s 2 =0. Likewise, the reachability of the sliding surface can be proved.
The control voltages u 1 and u 2 can be determined by the voltages of the right and the left motors u L and u R as follows:
Thus, the voltages of the right and the left motors u L and u R can be obtained as:
According to Eq. (28), Eq. (33) and Eq. (35), the control laws of the left and right motors can be designed as:
Thus, the speed and attitude angle of the transport vehicle can be directly controlled by the armature voltages of the left and the right motors. In the actual physical implementation process, the control inputs can be obtained by adjusting the PWM duty cycles of the left and the right motors. Because the disturbance caused by the fluctuation of the power supply is considered, the control method above would have the good robustness.
IV. EXPERIMENTAL SIMULATION
The correctness of the dynamic model and the feasibility of the control method are verified by the simulation experiment. The actual parameters of the transport vehicle are set as: l=0.6m, r=0.08m, m=1.5kg, M p =60kg, c=2, c 1 =2.1, c 2 =2.3. The desired speed is v d =0.1sin(t), and the desired attitude angle is θ d =0.1sin(t). External disturbances are set as d 1 =0.2sin(t) and d 2 =0.5cos(t).
The control results of the speed and the attitude angle are shown in Fig.4 and Fig. 5 .
From Fig. 4 and Fig. 5 , though there are uncertain disturbances in the transport vehicle, both the speed and the attitude angle of the transport vehicle can track the desired signals by the sliding mode control designed in this paper.
The control voltages of the left and the right motors are shown in Fig. 6 and Fig. 7 .
From Fig. 6 and Fig. 7 , the amplitudes the control voltages are smaller, and the proposed method is easy to be implemented. Therefore, the validity of the sliding mode control method based on the dynamic model can be verified by the simulations.
V. CONCLUSION
A sliding mode control method based on the dynamic model, instead of the kinematic model, is proposed to improve the control performance of the transport vehicle. The armature voltages of the motors are chosen as the control inputs, and the control laws are separately designed for the speed and the attitude angle of the transport vehicle. Simulation experiments are used to prove the validity of the control method. The experimental results show that the desired speed and angle can be quickly reached and the attitude angle control of the transport vehicle can be implemented, and the control method has good robustness to the disturbances caused by the fluctuations of the power supply. So the control method can be used in the automated guided vehicle. Furthermore, the design of the sliding mode control with the optimal energy is the subsequent research direction and deserves our further exploration.
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